The extracellular superoxide dismutase (ecSOD) plays an important role in atherosclerosis and endothelial function by modulating levels of the superoxide anion (O 2 ⅐Ϫ ) in the extracellular space. Although heparan sulfate proteoglycan is an important ligand for ecSOD, little is known about other biological binding partners of ecSOD. The goal of this study was to identify novel proteins that interact with ecSOD. A yeast two-hybrid screening of a human aorta cDNA library using ecSOD as bait identified fibulin-5 as a predominant binding protein for ecSOD. Further analysis showed that the binding domain of ecSOD within fibulin-5 mapped to its C-terminal domain. In vitro pulldown assays and coimmunoprecipitation analysis further confirmed that ecSOD interacts with fibulin-5 in vitro and in vivo. Studies using fibulin-5 Ϫ/Ϫ mice indicated that fibulin-5 is required for binding of ecSOD to vascular tissue. Importantly, the decrease in tissue-bound ecSOD levels in aortas from fibulin-5 Ϫ/Ϫ mice was associated with an increase in vascular O 2 ⅐Ϫ levels. Furthermore, immunohistochemical analysis using ApoE Ϫ/Ϫ mice suggested a codistribution of ecSOD and fibulin-5 in atherosclerotic vessels. In summary, we provide in this study the first evidence that the ecSOD-fibulin-5 interaction is required for ecSOD binding to vascular tissues, thereby regulating vascular O 2 ⅐Ϫ levels. This interaction may represent a novel mechanism for controlling vascular redox state in the extracellular space in various cardiovascular diseases such as atherosclerosis and hypertension in which oxidative stress is increased. (Circ Res. 2004;95:1067-1074.) 
V ascular production of the superoxide anion (O 2 ⅐Ϫ ) is increased in many common cardiovascular diseases including atherosclerosis, hypercholesterolemia, hypertension, ischemic heart disease, diabetic cardiomyopathy, and heart failure. 1 One of the major cellular defenses against O 2 ⅐Ϫ and formation of peroxynitrite is the superoxide dismutases (SODs). 2 In mammalian tissue, three isoforms of superoxide dismutase have been identified: Cu/ZnSOD, MnSOD, and extracellular superoxide dismutase (ecSOD). These isozymes differ in their location: Cu/ZnSOD is localized in the cytosol, MnSOD in the mitochondria, and ecSOD in the extracellular space. In the vessel wall, one-third to one-half of the total vascular SOD is ecSOD. 3 In healthy vessels, ecSOD is produced predominately by vascular smooth muscle cells, but in atherosclerotic vessels, ecSOD is also generated by lipid-laden macrophages. 4, 5 Because of its extracellular location, ecSOD plays an important role in modulating nitric oxide bioactivity by protecting nitric oxide from O 2 ⅐Ϫ in the vascular extracellular space, especially in pathological states, such as atherosclerosis and hypertension where O 2 ⅐Ϫ is increased. 2, 6 The ecSOD is a secretory tetrameric glycoprotein with a heparin-binding domain. 7 The protein is composed of an N-terminal signal peptide, which permits secretion from cell, an N-linked glycosylation site at Asn-89, which contributes to the solubility of the enzyme, an active site that binds copper and zinc, and a C-terminal region that corresponds to a heparin-binding domain. 2 Approximately 99% of the total ecSOD is tissue-bound, whereas a small proportion circulates in the blood. 8 Heparan sulfate proteoglycan is a well-known ligand for ecSOD on cell surfaces and in the extracellular matrix. 9 However, only a small portion of the tissue-bound ecSOD is displaced by heparin injection, 8 suggesting that other ligands for ecSOD may exist. 7 The major goal of this study was to identify novel proteins that interact with ecSOD. Using the yeast two-hybrid system, we discovered that fibulin-5 is an important biological ligand for ecSOD. Fibulin-5 is also known by the acronym EVEC (Embryonic Vascular EGF-like repeat Containing protein) 10 and by the acronym DANCE (Developmental Arteries and Neural Crest EGF-like). 11 We further confirmed the interaction between ecSOD and fibulin-5 using in vitro pulldown assays and coimmunoprecipitation assays in mammalian cells as well as in insect cells. Furthermore, we found that ecSOD binds to the C-terminal domain of fibulin-5. Moreover, we examined functional significance of the interaction of ecSOD and fibulin-5 using fibulin-5 Ϫ/Ϫ mice, and found that vascular O 2 ⅐Ϫ levels are markedly increased in fibulin-5 Ϫ/Ϫ mice in which ecSOD binding to tissue is markedly decreased.
Materials and Methods

Animals Studied
C57BL/6J mice and ApoE Ϫ/Ϫ mice on a C57BL/6J background were obtained from the Jackson Laboratory (Bar Harbor, Maine). The fibulin-5 Ϫ/Ϫ mice and control littermates were generated as previously described. 12
Yeast Two-Hybrid Library Screening
To identify novel proteins that interact with ecSOD, we screened a human aorta cDNA library using ecSOD as bait and the MATCH-MAKER GAL4 yeast two-hybrid system 3 (Clontech Laboratories Inc).
In Vitro Pulldown Assays and Generation of Recombinant ecSOD and Fibulin-5
For in vitro pulldown assays using recombinant ecSOD and fibulin-5, the human ecSOD and the human fibulin-5 were overexpressed in a Drosophila expression system (Invitrogen Corp). In vitro pulldown assays were performed as previously described. 13
Coimmunoprecipitation of ecSOD and Fibulin-5 in Stably Transfected Drosophila Schneider Cells and CHO Cells
The Drosophila Schneider cells and CHO cells stably expressing ecSOD were generated according to the manufacturer's instructions. Coimmunoprecipitation of ecSOD and fibulin-5 in those cells were performed as previously described. 13
Immunohistochemical Studies
Immunohistochemical analysis for ecSOD and fibulin-5 were performed as previously described. 4
Western Analysis of ecSOD and Fibulin-5 in Plasma and Aortas From Fibulin-5 ؊/؊ Mice and Control Littermates
The protein expression of ecSOD and fibulin-5 in plasma and aortas was determined by Western blotting analysis, as previously described elsewhere. 4
Real-Time PCR
RNA was isolated and amplified as described previously with minor modifications. 4 Primer sequences and cycling conditions are listed in expanded Materials and Methods section in the online data supplement available at http://circres.ahajournals.org.
Dihydroethidium Labeling of Aortas From Fibulin-5 ؊/؊ Mice and Control Littermates
To measure ROS production in vessels in situ, frozen cross-sections of aortas were stained with dihydroethidium (Molecular Probes Inc) using a previously validated method. 14
Materials
All chemicals and reagents were purchased from Sigma Chemical Company, unless otherwise specified.
Data Analysis
All data are expressed as meanϮSEM. Comparisons between groups of animals or treatments were made by one-way ANOVA, followed by the Tukey-Kramer post hoc test. Values of PϽ0.05 were considered statistically significant.
Results
Fibulin-5 as a Novel Binding Protein for ecSOD
The yeast two-hybrid system was used to identify candidate proteins that interact with ecSOD. After an initial screening, 1257 independent clones grew as large colonies on the Trp Ϫ /Leu Ϫ /His Ϫ plates. Of these, 389 clones exhibited ␤-galactosidase activity, as tested by the filter assay. PCR was performed using the flanking primers specific for pACT2 plasmid to screen inserts ranging between 0.4 and 1.6 kb. Positive clones were sequenced, and DNA homology searches using the NCBI BLAST program identified six different partial clones of fibulin-5 (⌬1 through ⌬6) ( Figure  1A ). Those cDNAs were in frame with the GAL-4 activation domain of the pACT2 plasmid. Importantly, perlecan, one of major heparan sulfate proteoglycan in the vessel wall and an established physiological ligand for ecSOD, 8, [15] [16] [17] [18] was also included in our positive clones from the yeast two-hybrid screening, validating the yeast two-hybrid system in the present study.
To verify fibulin-5 as an ecSOD binding protein, we cloned the full coding sequence of fibulin-5 cDNA into the plasmids carrying either the GAL-4 DNA-binding domain (pGBKT7) or the GAL4 activation domain (pACT2) and adopted them as either prey or bait with ecSOD. As positive and negative controls, we used pGBKT7-53/pGADT7-T and pGBKT7-Lam/pGADT7-T, respectively. Figure 1B shows a robust growth of yeast coexpressing ecSOD and fibulin-5 (pGBKT7-ecSOD/pACT-fibulin-5) in Trp Ϫ /Leu Ϫ /His Ϫ media. Furthermore, yeasts coexpressing ecSOD and fibulin-5 showed a marked production of blue colonies in filter ␤-galactosidase assays and also showed a marked increase in ␤-galactosidase activity in liquid ␤-galactosidase assays (Figure 1B) . These findings further confirmed the interaction of ecSOD with fibulin-5.
EcSOD Binds Specifically to the C-Terminal Domain of Fibulin-5
We next determined the ecSOD binding site in fibulin-5. As shown in Figure 1B , yeast coexpressing ecSOD and fulllength fibulin-5 or one of its several deletion mutants (⌬1 through ⌬6) exhibited a robust growth in Trp Ϫ /Leu Ϫ /His Ϫ media, a marked production of blue colonies in filter ␤-galactosidase assays, and a marked increase in ␤-galactosidase activity in liquid ␤-galactosidase assays. In contrast, the fibulin-5 deletion mutant (⌬7) lacking C-terminal domain (amino acids 320 to 448) showed neither growth nor ␤-galactosidase activity. These results indicate that ecSOD interacts specifically with the C-terminal domain of fibulin-5 (amino acids 320 to 448).
Interaction of ecSOD and Fibulin-5 in Cell-Free Systems
To determine whether fibulin-5 directly interacts with ec-SOD, we performed in vitro pulldown assays using recombinant ecSOD with V 5 tag (Ϸ30 kDa) and recombinant fibulin-5 with Myc tag (Ϸ66 kDa) proteins isolated and purified from the media of stably transfected Drosophila Schneider cells. As shown in Figure 2A , Myc-tagged fibulin-5 protein bound to V 5 -tagged ecSOD protein, but not to IgG alone, suggesting that ecSOD directly interacts with fibulin-5 in vitro.
Coimmunoprecipitation of ecSOD and Fibulin-5 in Stably Transfected Cells
To confirm further the interaction of ecSOD and fibulin-5 in vivo, we performed coimmunoprecipitation assays in Drosophila Schneider 2 ( Figure 2B ) and CHO cells ( Figure 2C ) stably expressing ecSOD. These cells have been shown to allow proper glycosylation and secretion of a variety of mammalian proteins. 19, 20 When Drosophila Schneider cells or CHO cells stably expressing V 5 -tagged ecSOD were transiently transfected with Myc-tagged fibulin-5, ecSOD was coimmunoprecipitated with fibulin-5 in the conditioned media from these cells ( Figure 2B and 2C). These data clearly suggest that both ecSOD and fibulin-5 interact in vivo.
Codistribution of ecSOD and Fibulin-5 in Control and Atherosclerotic Vessels
To determine whether ecSOD and fibulin-5 colocalize in intact vessels, we performed immunohistochemical analysis in control and atherosclerotic vessels. In control mouse aorta, ecSOD and fibulin-5 were codistributed in medial layer, whereas in atherosclerotic vessels from ApoE Ϫ/Ϫ mice, they were codistributed on the endothelial cell surface, in the extracellular matrix, and in the adventitia ( Figure 2D and 2E). These results suggest that ecSOD binds to fibulin-5 in vivo in both control and atherosclerotic vessels. Of note, fibulin-5 protein is abundantly expressed in normal adult vessels, whereas fibulin-5 mRNA expression is markedly less in aortas from control mice compared with those from ApoE Ϫ/Ϫ mice (online Figure I ).
Increase in Plasma ecSOD Level and Decrease in Tissue-Bound ecSOD Level in Fibulin-5 ؊/؊ Mice
To examine whether ecSOD binds to vascular tissue through interaction with fibulin-5 in intact vessels, we used fibulin-5 Ϫ/Ϫ mice and control littermates. Plasma ecSOD levels in fibulin-5 Ϫ/Ϫ mice were significantly increased by 2.4Ϯ0.2fold as compared with levels in control littermates ( Figure  3A) . To test whether the increase in plasma ecSOD in fibulin-5 Ϫ/Ϫ mice was caused by a decrease in ecSOD binding to tissue, we next performed immunohistochemical analysis. EcSOD immunostaining was markedly decreased in aortas of fibulin-5 Ϫ/Ϫ mice compared with controls ( Figure 3B ). Consistent with this, Western analysis demonstrated that protein levels of ecSOD were decreased in aortas from fibulin-5 Ϫ/Ϫ mice (65Ϯ5%-fold decrease) compared with those from control littermates ( Figure 3C ). In contrast, protein levels of Cu/ZnSOD were not different between in aortas from fibulin-5 Ϫ/Ϫ and control mice ( Figure 3C ).
To exclude the possibility that the decrease in ecSOD protein expression in aortas of fibulin-5 Ϫ/Ϫ mice was caused by a decrease in ecSOD mRNA, we performed real-time PCR. As shown in Figure 4A , ecSOD mRNA levels in aortas from fibulin-5 Ϫ/Ϫ mice and control littermates did not differ.
It has been shown that heparan sulfate proteoglycan is an important ligand for ecSOD in the extracellular matrix. 9 To eliminate the possibility that the decrease in ecSOD protein expression was caused by a decrease in the amount of heparan sulfate proteoglycan, we performed immunohistochemical analysis of perlecan, one of the major heparan sulfate proteoglycans in the vessel wall. Importantly, immunostaining of perlecan was not altered in aortas from fibulin-5 Ϫ/Ϫ mice compared with aortas from control mice ( Figure 4B ). Moreover, it has been shown that the C-terminal heparin-binding domain of ecSOD is cleaved during intracellular proteolytic processing,. 21, 22 In this study, Western blots consistently revealed a full-length (upper band) and a proteolyzed (lower band) ecSOD in mouse aortas ( Figure 3C ). 4 However, the ratio of proteolyzed (lacking heparin-binding domain) to Mapping the ecSOD binding site in fibulin-5 by the yeast two-hybrid system. A, Schematic representation of fibulin-5 and its various deletion mutants. Fibulin-5 has been subdivided as indicated at the top. 10, 11 Black boxes represent N-terminal signal sequences, and ovals represent calcium binding EGF-like (cbEGF) domains. An RGD motif is indicated in the first cbEGF domain. Position numbers of the amino acid residues are indicated. B, Semiquantitative assessment of growth in Trp Ϫ /Leu Ϫ /His Ϫ media (left), representative filter ␤-galactosidase assays (center) and liquid luminescent ␤-galactosidase assays (right) of yeast cells coexpressing ecSOD and full-length fibulin-5 or its several deletion mutants (⌬1 through ⌬7). Growth is designated by semiquantitative assessment with maximal growth at ϩϩϩ. The quantitative values are presented as meanϮSD (nϭ5) and are expressed as relative light units (RLU) normalized on cell content (OD 600 ). pGBKT7-Lam/pGAD-T and pGBKT7-53/pGAD-T were used as negative and positive controls, respectively. nonproteolyzed ecSOD was not altered in aortas from fibulin-5 Ϫ/Ϫ mice compared with those from control mice (45Ϯ9% versus 54Ϯ13%, respectively) ( Figure 3C ). Taken together, these data suggest that the decrease in tissue-bound ecSOD in fibulin-5 Ϫ/Ϫ mice is caused by the loss of ecSOD binding to fibulin-5, and not caused by altered posttranslational processing in these animals.
Increased O 2 ⅐؊ Production in Aortas From Fibulin-5 ؊/؊ Mice
To determine the functional significance of the decrease in tissue-bound ecSOD in fibulin-5 Ϫ/Ϫ mice, we examined O 2 ⅐Ϫ production in aortas from fibulin-5 Ϫ/Ϫ mice and control littermates using the dihydroethidium (DHE) fluorescence method. DHE (2 mol/L) is a fluorescent dye that has been shown to specifically detect O 2 ⅐Ϫ in situ. 14 DHE staining clearly demonstrated that superoxide production was markedly increased in aortas from fibulin-5 Ϫ/Ϫ mice as compared with those from control littermates ( Figure 5A and 5B) . Importantly, the fluorescence signal was markedly decreased by the addition of SOD, suggesting that DHE staining mainly reflects an increase in O 2 ⅐Ϫ . Furthermore, additional experiments using recombinant ecSOD and fibulin-5 proteins showed that fibulin-5 had no direct effect on ecSOD activity (data not shown). Taken together, these findings suggest that fibulin-5 plays an important role in ecSOD binding to the tissue, thereby modulating vascular O 2 ⅐Ϫ levels.
Discussion
In the present study, using a yeast two-hybrid system, we discovered fibulin-5 as a novel binding protein for ecSOD. The functional significance of this interaction was demon- stably expressing ecSOD were immunoprecipitated (IP) with the antibody, as indicated followed by immunoblotting (IB) with the anti-Myc antibody to detect fibulin-5 and the anti-V 5 antibody to detect ecSOD. Recombinant ecSOD with V 5 tag and recombinant fibulin-5 with Myc tag proteins were included as a positive control. IgG was included as a negative control for the immunoprecipitation. D, Immunohistochemical analysis of fibulin-5 expression in ApoE Ϫ/Ϫ mouse aorta. Immunostaining was performed using an anti-rat fibulin-5 antibody (1:80) followed by a biotin-conjugated goat anti-rabbit IgG (1:100). Brown, Immunoreactivity with fibulin-5 is prominent in the endothelial surface and adventitia. Top panel shows low magnification, and bottom panel shows high magnification of atherosclerotic lesion. E, Immunohistochemical analysis of ecSOD expression in ApoE Ϫ/Ϫ mouse aorta. Immunostaining for ecSOD was performed using the anti-mouse ecSOD antibody (1:10 000) followed by a biotin-conjugated goat anti-rabbit IgG (1:100). Note that ecSOD and fibulin-5 are partially codistributed on the endothelial surface, in the extracellular matrix, and in the adventitia in ApoE Ϫ/Ϫ mouse aorta. strated by the observation that vascular O 2 ⅐Ϫ levels are robustly increased in fibulin-5 Ϫ/Ϫ mice in which ecSOD binding to vascular tissue is markedly reduced. Moreover, we found a potential codistribution of ecSOD and fibulin-5 in both control and atherosclerotic vessels. Given that ecSOD plays an important role in scavenging O 2 ⅐Ϫ in vascular extracellular space, ecSOD binding to fibulin-5 may represent a novel mechanism by which ecSOD regulates vascular redox state.
In vitro pulldown assays confirmed a direct interaction between ecSOD and fibulin-5. This interaction in vivo was further verified by coimmunoprecipitation of ecSOD and fibulin-5 in mammalian cells as well as in insect cells.
Moreover, yeast two-hybrid mapping experiments identified that the binding site of ecSOD in fibulin-5 encompasses a globular cysteine-free C-terminal domain of fibulin-5, ie, residues 320 to 448. The C-terminal domain of fibulin-5 is a unique module for the fibulin family 23 and shares a significant homology with that of fibulin-3 and fibulin-4 (human fibulin-5 versus fibulin-4, 53%; human fibulin-5 versus fibulin-3, 50%; fibulin-3 versus fibulin-4, 53%), but a weak homology with that of fibulin-1C, fibulin-1D, and fibulin-2. Of interest, the C-terminal region of fibulin-5 physically interacts with lipoprotein(a) (Lp(a) ). Elevated levels of Lp(a) have been recognized as an independent risk factor for atherosclerosis. 24 This region also physically interacts with Figure 3 . A, Western blotting analysis of plasma ecSOD in control littermates and fibulin-5 Ϫ/Ϫ mice. Ten and twenty g of protein from plasma of both control and fibulin-5 Ϫ/Ϫ mice were loaded in adjacent lanes and size separated by SDS-PAGE. After transferring to a nitrocellulose membrane, ecSOD protein was detected by immunoblotting with a polyclonal antibody against ecSOD as previously described. 4 *PϽ0.01 compared with wild-type aortas. B, Immunohistochemical analysis of ecSOD expression in aortas of control littermates and fibulin-5 Ϫ/Ϫ mice. Immunostaining for ecSOD in aortas from control (A) and fibulin-5 Ϫ/Ϫ (B) mice was performed by identical methods as described for Figure 4 . Brown, Immunoreactivity with ecSOD. NC (negative control), Absence of staining in aortas from control (C) and fibulin-5 Ϫ/Ϫ (D) mice when primary antibody was replaced with rabbit IgG. C, Western analysis of protein expression of ecSOD, Cu/ZnSOD, and fibulin-5 in aortas of control littermates and fibulin-5 Ϫ/Ϫ mice. a, Representative Western blots for fibulin-5 Ϫ/Ϫ and control littermates. Five and ten g of protein from tissue homogenates of aortas of both fibulin-5 Ϫ/Ϫ and control mice were loaded in adjacent lanes and size separated by SDS-PAGE. After transfer to a nitrocellulose membrane, fibulin-5, ecSOD, and Cu/ZnSOD proteins were detected by immunoblotting with their respective antibodies. b, Densitometric analysis of Western blots for ecSOD, Cu/ZnSOD, and fibulin-5 in control and fibulin-5 Ϫ/Ϫ mice. Data are meanϮSEM (nϭ3 for both groups). *PϽ0.01; #PϽ0.05 vs control cells.
lysyl oxidase-like 1 protein (LOXL1), a critical component for elastic fiber homeostasis. 25 Thus, it is possible that ecSOD may be involved in regulating interactions between fibulin-5 and either Lp(a) or LOXL1. Of note, fibulin-5 has been shown to bind to ␣ v ␤ 3 , ␣ v ␤ 5 , and ␣ 9 ␤ 1 integrins and to mediate endothelial cell adhesion via its RGD motif. 26 Moreover, it has been reported that integrin activities are regulated by extracellular redox state. 27, 28 As such, it is tempting to speculate that ecSOD, a potent superoxide scavenger in the extracellular space, may participate in regulating function of integrins via binding to fibulin-5.
In the present study, we determined the interaction of ecSOD with fibulin-5 in vivo using fibulin-5 Ϫ/Ϫ mice ( Figure  6 ). Immunohistochemical analysis demonstrates that ecSOD codistributes with fibulin-5 in medial layer of aorta from control mice ( Figure 2D ) and a marked decrease in ecSOD staining in that from fibulin-5 Ϫ/Ϫ mice ( Figure 3B ). In parallel, fibulin-5 Ϫ/Ϫ mice showed a significant increase in plasma ecSOD levels, and a marked decrease in tissue-bound ecSOD levels in aorta, compared with control mice in which fibulin-5 protein is abundantly expressed ( Figure 3C ). Of note, the ecSOD mRNA levels were not changed in aortas from fibulin-5 Ϫ/Ϫ mice as assessed by real-time PCR and fibulin-5 Ϫ/Ϫ mice showed neither a decrease in immunostaining of perlecan, which is one of the major components of heparan sulfate proteoglycans in the vessel wall nor an increase in heparin-binding domain cleaved ecSOD. Furthermore, numerous studies have demonstrated that affinity for heparan sulfate proteoglycan is important for localization of ecSOD in the extracellular matrix, 8, [15] [16] [17] [18] and recent reports indicate that enhanced proteolysis of the heparin-binding region of ecSOD significantly alters its tissue localization during pathological processes, such as lung injury. 21, 22, 29, 30 In addition to our current findings, we have previously shown that the level of hydroxyproline, an indicator of collagen content, was not changed in fibulin-5 Ϫ/Ϫ mice, 12 although type I collagen is another ligand for ecSOD. 31 Taken together, these findings strongly suggest that ecSOD binds to vascular extracellular matrix not only through the interaction with heparan sulfate proteoglycan but also with fibulin-5, which may explain why only a small portion (Ϸ3%) of the tissue-bound ecSOD is displaced by heparin injection. Further studies will be required to investigate how the interaction of ecSOD and fibulin-5 are regulated and whether their interaction is observed in other tissues. However, because ecSOD protein expression is not completely abolished in aortas from fibulin-5 Ϫ/Ϫ mice, it is possible that ecSOD may bind to other ligands.
It has been shown that ecSOD plays an important role in regulating basal O 2 ⅐Ϫ level in vascular tissue. 6 We therefore measured vascular O 2 ⅐Ϫ levels in control and fibulin-5 Ϫ/Ϫ mice to determine the functional significance of interaction of ecSOD and fibulin-5 in vivo. Figure 5 demonstrates that a marked decrease in tissue-bound ecSOD levels in fibulin-5 Ϫ/Ϫ mice is associated with an increase in vascular O 2 ⅐Ϫ level assessed by SOD inhibitable dihydroethidium (DHE) fluorescence signal. We also found that recombinant fibulin-5 has no effect on ecSOD activity. Taken together, these results suggest an essential role of ecSOD binding to fibulin-5 in modulating basal levels of O 2 ⅐Ϫ in vascular tissue. Because SOD cannot enter the intracellular space, the detected SOD inhibitable DHE signal may mainly reflect the O 2 ⅐Ϫ derived from extracellular space. Indeed, oxyethidium, a specific fluorescent product by the reaction of dihydroethidium and superoxide anion, 32 is cell-permeable (unpublished observation, 2004). However, we cannot exclude the possibility that an increase in vascular O 2 ⅐Ϫ level in fibulin-5 Ϫ/Ϫ mice is caused by other mechanisms including enhanced superoxide generation system. This point requires further investigation.
To gain insight into the role of interaction of ecSOD with fibulin-5 in atherosclerosis, where O 2 ⅐Ϫ is increased, we performed immunohistochemical analysis of ecSOD and fibulin-5 in atherosclerotic vessels from ApoE Ϫ/Ϫ mice. We demonstrated that ecSOD partially codistributes with fibulin-5 in endothelial surface, extracellular matrix, and adventitia ( Figure 2E ), which is different from their codistribution in medial layer of aorta observed in control mice. Of interest, previous studies have shown that both ecSOD 4,33 and fibulin-5 10, 11 are highly induced in balloon-injured arteries and in atherosclerosis. Thus, it is possible that an increase in protein expression of fibulin-5 enhances binding of ecSOD to vascular tissue, resulting in increased vascular ecSOD protein expression. Taken together, these findings most likely represent a novel feed forward protective mechanism whereby ecSOD modulates vascular O 2 ⅐Ϫ levels through interaction with fibulin-5. Of note, the present study shows that fibulin-5 protein is abundantly expressed in normal adult vessels, although original reports demonstrated that fibulin-5 mRNA is very low in normal adult cells, and is markedly increased after vascular injury or in atherosclerosis. 10, 11 Our results also show that fibulin-5 mRNA is markedly less expressed in aortas from control mice compared with those from ApoE Ϫ/Ϫ mice (online Figure I ). Because fibulin-5 is an elastin binding protein as well as a secretory protein, it is possible that fibulin-5 may be accumulated on the elastic fibers after secretion, which may contribute to increased protein expression in aorta.
Several lines of evidence suggest that ecSOD plays an important role in regulating blood pressure. Jung et al 6 reported that ecSOD deficiency enhanced an increase in blood pressure and O 2 ⅐Ϫ in response to angiotensin II and in the two-kidney and one-clip model. Furthermore, Chu et al 34 showed that gene transfer of ecSOD reduces arterial pressure in a genetic model of hypertension. Of interest, fibulin-5 Ϫ/Ϫ mice, in which tissuebound ecSOD was markedly decreased in aorta, also show an increase in systolic blood pressure, pulse pressure, and aortic stiffness. 12, 26 In addition, it has been shown that aortic stiffness, which contributes to an increase in pulse pressure, is positively associated with oxidative stress 35 through increasing elastin degradation, 36 elastase activity via activation of increased MMP, 37 and phenotypic modulation of medial vascular smooth muscle cells from the contractile type to the synthetic one. 35 Thus, it is conceivable that fibulin-5 may also participate in Figure 6 . Proposed model illustrating the role of the interaction of ecSOD with fibulin-5 in the vessel wall. Left (control mice), Fibulin-5 binds to ecSOD via its C-terminal domain and binds to vascular integrins via its N-terminal RGD motif. Interaction of ecSOD with fibulin-5 plays an important role in the regulation of tissue-bound ecSOD levels in the vasculature. Moreover, fibulin-5 also binds to tropoelastin through its calcium-binding EGF repeat motif, which is essential for elastic fiber development. 12, 26 Right (fibulin-5 Ϫ/Ϫ mice), EcSOD cannot bind to the extracellular matrix because of the absence of fibulin-5, resulting in decreased amounts of tissue-bound ecSOD and increased plasma ecSOD levels.
regulating aortic stiffness by modulating vascular redox state through binding to ecSOD, thereby controlling pulse pressure and aortic compliance.
In summary, we have demonstrated that the interaction of ecSOD with fibulin-5 is essential to ecSOD binding to vascular tissue, which modulates O 2 ⅐Ϫ levels in the vasculature. This interaction may represent a novel mechanism for controlling vascular redox state in the extracellular space in various cardiovascular diseases such as hypertension and atherosclerosis in which oxidative stress is highly elevated.
